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attentive behaviour. Nevertheless, 
relying on head and body orientation 
is also important for primates, 
particularly in visually difficult 
habitats, such as dense rainforests. 
It is interesting that many forest 
primates have evolved conspicuous 
visual markers that facilitate gaze 
following (Figure 1).
What about gaze as a 
communicative signal? In contrast to 
other primates, humans have evolved 
a large white sclera and marked 
eyebrows, making the eye region 
highly conspicuous and ideally suited 
for gaze following, and it has been 
argued that this is an evolutionary 
byproduct of the cooperative  
nature of humans. Not only can 
humans follow gaze, but they can 
also use gaze to actively direct each 
other’s attention, or, by eye squinting 
and lowering eyebrows, to make it 
more difficult for others to follow 
gaze (something that is perceived as 
unfriendly and uncooperative).  
Non-human primates are clearly 
sensitive to the directed gaze of 
others, and therefore they already 
possess a fundamental prerequisite for 
using gaze as a communicative signal. 
Whether or not they are also able to 
influence the attention of receivers by 
manipulating gaze cues is currently 
being investigated.
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Also known as… The Mre11 complex 
or MRX in yeast. 
What is MRN? A complex of three 
proteins — Mre11, Rad50 and Nbs1 
(also known as Nibrin or p95). It is 
essential for the viability of vertebrate, 
but not yeast, cells. The MRN complex 
is engaged in DNA metabolic events 
involving DNA double-strand ends. 
Orthologues of human Rad50 and 
Mre11 have been identified in all 
taxonomic kingdoms whereas Nbs1 
seems to be unique to eukaryotic cells 
as no orthologues have been identified 
in prokaryotes or archaebacteria. The 
well-characterized yeast homologue of 
MRN, MRX, contains the Mre11, Rad50 
and Xrs2 proteins, the later showing 
weak homology to human Nbs1. 
Why is it essential for vertebrate 
cell viability? The genetic material 
of all eukaryotic cells is constantly 
exposed to both endogenous and 
exogenous DNA-damaging agents. 
Even a single double-stand break (DSB) 
can be lethal. Left unrepaired, DSBs 
can lead to chromosome instability, 
rearrangements, gene mutations 
and cancer. It is therefore extremely 
important for the cell to be able to 
sense the break, signal this damage 
and effect the appropriate biological 
responses as soon as possible. The 
MRN complex functions in both  
sensing and signaling of DSBs. It also 
has roles in both major DSB repair  
pathways — homologous recombination (HR) and non-
homologous end joining (NHEJ). The 
MRN complex is also required for cell-
cycle checkpoint signaling after DSB in 
all phases of the cell cycle. Additionally, 
it plays an important role in processing 
DNA structures that arise during normal 
S phase, is involved in preventing 
DNA re-replication and is essential for 
telomere maintenance. 
How do Mre11, Rad50 and Nbs1 
contribute to MRN function? The 
three members of the complex have 
distinct roles within the intact MRN 
complex. Mre11 interacts with both 
Rad50 and Nbs1, which do not directly 
contact each other (Figure 1). Rad50 
has two globular domains linked 
by a long coiled-coil region forming 
extended arms. At the end of each arm 
a hook domain allows Rad50 molecules 
to dimerise and tether DNA ends 
together (Figure 1). Mre11 is responsible 
for DNA binding and also has both 
exo- and endonuclease activities, which 
have been characterized in vitro, and 
an ability to unwind DNA locally. Finally, 
Nbs1, which has no known enzymatic 
activities, is responsible for the rapid 
re-localization of the complex into  
large focal structures, as well as for 
most of the interactions with other 
DSB-signaling and DNA-repair proteins. 
Its binding partners include ATM, γH2AX 
and MDC1. The carboxy-terminal region 
of Nbs1 has also been reported to 
regulate irradiation-induced apoptosis 
(Figure 1).
Is there a connection between MRN 
and cancer? Yes. Mre11, Rad50 and 
Nbs1 are known tumor suppressors. 
Loss of function of any of these 
proteins results in genome instability, 
the principal feature of cancer cells. Hook
Mre11
binding 
Mre11
binding 
Rad50
                                                 PI3K   Mre11  ATM
FHA    BRCT tandem                                                      binding domains
Nbs1
Mre11
Phosphoesterase     DNA-binding domains
Nbs1 binding                                  Rad50 binding Current Biology
Walker A                          Coiled coil               CXXC         Coiled coil               Walker B
Figure 1. Domain structure of the MRN components.
Domains responsible for interactions within the complex are shown in yellow. CXXC hook, zinc 
hook; FHA, Forkhead associated domain; BRCT, BRCA1 carboxyl terminus domain. Note that 
the PAR domain of Mre11 localized between the two DNA binding motifs is not shown. 
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Figure 2. A model presenting the initial steps of the DNA-damage response.
(A) DSB induction. The MRN complex binds to DSBs and tethers DNA ends. PARP1 attaches 
ADP-ribose units to chromatin-bound proteins. Note that it is possible that DNA is secured 
by more than one copy of the complex at each DNA end. (B) The local concentration of MRN 
complex is increased by the interaction of Nbs1 with γH2AX and Mre11 binding to ADP-ribose 
units on chromatin-bound proteins. Note that the structure of the complex bound to DNA ends 
(rigid arms) differs from the unbound form (more flexible arms). At the same time, active ATM 
monomers phosphorylate downstream targets including Nbs1 and the signaling cascade is 
activated. (C) Repair proteins (including Brca1 and CtIP) are recruited to the site of damage. 
DNA ends are resected and the repair process begins. (D) Model illustrating structural changes 
in the MRN complex upon DNA binding and the role of MRN in the activation of the ATM kinase. 
The structure of chromatin-bound MRN complex remains unclear. Note that the MRN complex 
is composed of two Mre11 and Rad50 molecules and a single Nbs1 molecule.Defective MRN function has been 
linked to many types of cancer, 
including breast, ovarian, colorectal, 
gastric and prostate cancers, as well as 
leukemia and melanoma. Hypomorphic 
mutations in any of the human genes 
for MRN result in cancer predisposing 
genome-instability syndromes: 
mutations in the Mre11 and Nbs1  
genes cause ataxia telangiectasia-like  
disorder (ATLD) and Nijmegen breakage 
syndrome (NBS), respectively. Mutation of RAD50 has been described recently 
but so far there is no syndrome 
associated with it. The symptoms of 
MRN syndromes are largely overlapping 
and include immunodeficiency and 
mental deficiency.
How does MRN respond to DNA 
damage? Immediately after the 
DSB induction, MRN re-localizes 
to the sites of damage (Figure 2A). 
Initial recruitment is probably via its end- binding activity but, subsequently, 
excess MRN is recruited to the 
vicinity of DNA damage in large focal 
structures centered around DSBs. Focal 
accumulation is regulated by interaction 
with γH2AX, the DNA-damage-specific 
phosphoform of histone H2AX. During 
initial recruitment MRN is thought to 
bind and secure the DNA ends together 
via zinc hooks at the ends of the long 
flexible Rad50 arms, with the Mre11 
molecules binding to DSBs (Figure 2B). 
Upon DSB binding the Rad50 arms 
undergo structural change, becoming 
rigid and parallel and bridging both 
DNA ends using the zinc hook (Figure 
2B,D). Secured this way, the initial 
steps of DSB processing can take 
place. In addition, a signaling cascade 
is activated with the initial step being 
activation of the ATM kinase (Figure 2D). 
Inactive ATM dimers are believed to be 
recruited to Nbs1 at DSBs, resulting in 
autophosphorylation and dissociation 
as active ATM monomers. The ATM 
kinase then phosphorylates many 
DNA-damage response proteins, 
including Nbs1 itself, resulting in the 
induction of the DNA-damage signaling 
cascade. Many DNA-damage response 
proteins are also recruited to the sites 
of damage and contribute to DSB 
processing and repair (Figure 2C). 
ATM-dependent signaling contributes 
to efficient DSB repair, transcription 
and apoptosis, as well as regulating 
transient cell-cycle arrest, which is 
believed to allow sufficient time for 
DNA repair before the key cell-cycle 
transition. 
Any surprising discoveries? The 
above model has recently been 
complicated still further by discoveries 
implicating poly(ADP-ribose) 
polymerase 1 (PARP1) in the rapid 
re-localisation of Mre11 and Nbs1 into 
focal structures at DNA damage sites 
(Figure 2A–C). PARP1, which has not 
been directly linked to checkpoint 
activation, is rapidly activated by 
DNA strand breaks and signals the 
presence of DNA lesions by attaching 
ADP-ribose units to chromatin-
associated proteins. Haince et al. 
suggest that Mre11 can directly bind 
to these ADP-ribose units via a short 
poly ADP- ribose (PAR) binding motif 
localized between two DNA- binding 
regions, contrasting with earlier 
models in which Nbs1, but not Mre11, 
is needed for localization of the MRN 
complex to the sites of damage. 
It is, however, possible that both 
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This rich frequency spectrum then 
passes through the airways of the 
vocal tract above the larynx. Energy 
at frequencies that coincide with 
the natural resonance frequencies 
of these airways are passed easily, 
while energy at other frequencies 
is absorbed by the vocal tract walls 
and is thus attenuated (Figure 2, 
middle panel). 
Ultimately, then, the sound that 
is radiated at the lips is, to a first 
approximation, a linear combination 
of the original, laryngeal sound 
source subsequently filtered by 
the resonance properties of the 
vocal tract (Figure 2, bottom panel). 
Among the perceptually salient 
dimensions of this complex sound, 
two in particular stand out and are 
directly traceable to these landmark 
components of vocal apparatus: 
voice pitch, which is the perceptual 
correlate of the fundamental 
frequency and determined by the 
length and mass of the vocal folds; 
and voice timbre, which is the 
perceptual correlate of the vocal 
tract resonances (or formants), which 
are determined by the length and 
cross-sectional area of the vocal 
tract airways. These two aspects of 
the voice feature prominently in the 
social communication of human and 
nonhuman primates.
Differences in the vocal apparatus 
across primates
While the essentials of vocal 
production are similar across 
primates, there are important 
differences between the production 
of human speech and of nonhuman 
primate vocalizations. Some of 
these differences can be directly 
attributed to anatomical changes 
during the course of evolution. 
Here we describe three: the 
descended larynx; increased thoracic 
innervation; and laryngeal air sacs.
The descended larynx
One of the most conspicuous 
differences in vocal anatomy 
between human and nonhuman 
primates is the descended position 
of the larynx in the human vocal 
tract relative to its position higher 
in the vocal tract of nonhuman 
primates (Figure 1). The result is, 
effectively, a two-tube vocal tract 
in humans composed of the oral 
cavity common to all primates, and 
an additional enlarged pharyngeal 
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Determining the substrates required 
for the evolution of human speech 
is difficult as most traits thought to 
give rise to human speech — the 
vocal production apparatus and 
the brain — do not fossilize. Nor 
do we have any ‘proto-human’ 
sound tracks to analyse. The fossil 
record is also of limited utility for 
identifying indicators of pre-historic 
linguistic abilities. Ultimately, we 
are left with only one reliable way 
of investigating the biological 
mechanisms underlying the evolution 
of speech: the comparative method. 
By comparing the vocal behavior 
and biology of extant primates 
with humans, we can deduce the 
behavioral capacities of extinct 
common ancestors, allowing 
identification of homologies and 
providing clues as to the adaptive 
functions of such behaviors. Here we 
focus on what we have learnt about 
the evolution of vocal production 
in primates from the comparative 
approach.
Basic mechanisms of vocal 
production
In human and nonhuman primates, 
the anatomy and basic mechanics of 
voice production are broadly similar 
(Figure 1). Voice production involves 
a sound source, generally the larynx, 
coupled to a sound filter represented 
by the vocal-tract airways (the oral 
and nasal cavities) above the larynx. 
These two basic components of 
the vocal apparatus behave and 
interact in complex ways to generate 
a wide range of sounds. The most 
common and best-studied modes 
of vocal production involve a stable 
vibration of the vocal folds of the 
larynx. Such vibration generates a 
complex, but highly patterned, sound 
source composed of a fundamental 
frequency — corresponding to the 
base rate at which the vocal folds 
vibrate — and multiple harmonic 
overtones of the fundamental 
frequency (Figure 2, top panel). 
Primerproteins are needed for rapid, efficient accumulation of the complex at the 
sites of DSBs. PARP1 may cooperate 
with the MRN complex to facilitate 
signaling of DSBs. CtIP (or Ctp1) is 
another protein that has recently been 
linked with MRN (Figure 2C). It is a 
mammalian tumor suppressor whose 
presence in the nucleus is limited 
to the S and G2 phases of the cell 
cycle. A recent study indicates that 
CtIP can form a complex with MRN, 
directly interacting with Nbs1 in a 
cell- cycle- dependent manner. The 
formation of this complex, which also 
includes BRCA1, requires cyclin-
dependent kinase activity. Recent 
findings indicate that this Brca1–
MRN–CtIP complex is important for 
facilitating DSB resection, which 
generates the 3’ overhanging  
single-stranded DNA that is needed 
both for HR-mediated DSB repair and 
for the maintenance of checkpoint 
signaling.
What else is left to be examined? 
Much has been discovered concerning 
the highly pleiotrophic functions of the 
MRN complex and new findings are 
continuously adding complexity. The 
detailed mechanistic understanding of 
how MRN really works in vivo remains 
elusive, however. The real challenge for 
the future is the integration of all the 
recent discoveries into mechanism. 
Therefore much remains to be done and 
no doubt there are several surprising 
discoveries still to be made.
Where can I find out more?
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